We previously demonstrated that Jak3 is a primary response gene for G-CSF and ectopic overexpression of Jak3 can accelerate granulocytic differentiation of normal mouse bone marrow cells induced by G-CSF and GM-CSF. To gain insight into the regulation of G-CSFinduced transcription of Jak3, we constructed deletion and linker scanning mutants of the Jak3 promoter sequences and performed luciferase reporter assays in the murine myeloid cell line 32Dcl3, with and without G-CSF stimulation. These experiments showed that mutation of a À67 to À85 element, which contained a putative Sp1 binding site, or mutation of a À44 to À53 GAS element resulted in a marked reduction of Jak3 promoter activity. Electrophoretic mobility shift assays revealed that Sp1 and Stat3 present in nuclear lysates of 32Dcl3 cells stimulated with G-CSF can bind to the À67 to À85 element and À44 to À53 GAS element, respectively. In addition, cotransfection of a constitutively active mutant of Stat3 along with a Jak3 promoter/luciferase reporter resulted in enhanced Jak3 promoter activity. Together, these results demonstrate that activation of Jak3 transcription during G-CSF-induced granulocytic differentiation is mediated by the combined action of Sp1 and Stat3, a mechanism also shown to be important in IL-6-induced monocytic differentiation.
Introduction
Integration of signals for survival, growth, and differentiation of hematopoietic cells is achieved through a family of soluble polypeptides known as cytokines (Stahl and Yancopoulos, 1993; Kishimoto et al., 1994) . Cytokines bind to their cognate receptors and mediate intracellular signal transduction events that result in the modulation of gene expression. While the basic pathways that cytokines activate in a hematopoietic cell have been characterized in some detail, characterization of the precise pathways that lead to terminal differentiation is not fully understood. The Janus, or Jak kinase family of cytoplasmic tyrosine kinases, represents one of the pathways through which cytokine receptors can transmit their signals (Rane and Reddy, 2002) . Gene targeting studies in mice have illustrated the importance of the Jak family members in hematopoiesis. Lymphoid development is impaired in mice deficient in Jak1 (Rodig et al., 1998) and Jak3 (Nosaka et al., 1995; Park et al., 1995; Thomis et al., 1995) , and erythropoiesis is lost in Jak2-deficient mice (Parganas et al., 1998) . Loss of Jak3 has also been implicated in dysregulated myelopoiesis (Grossman et al., 1999) . In a recent study, we found that Jak3 is a primary response gene for G-CSF and ectopic overexpression of Jak3 in primary mouse bone marrow cells results in the acceleration of terminal differentiation of these cells mediated by granulocyte colony-stimulating factor (G-CSF) or granulocyte-macrophage colony-stimulating factor (GM-CSF). This acceleration of differentiation to granulocytes and monocytes was found to be associated with growth arrest in the G1 phase in the cell cycle . These results suggest that Jak3-mediated signals have a central role in integrating the processes of proliferation, growth arrest, and terminal differentiation of myeloid cells.
Nuclear run-on assays and Northern blotting studies, which showed the marked increase in Jak3 mRNA levels upon G-CSF stimulation, suggested that Jak3 was regulated at the level of transcription . In order to characterize the molecular mechanisms associated with Jak3 transcription during granulopoiesis, we have carried out a detailed analysis of the promoter/enhancer region of Jak3 using murine myeloid 32Dcl3 cells as a model system. We report the identification of two major sequence elements in the Jak3 promoter that mediate Jak3 transcription in response to G-CSF. The first is a series of binding sites for Sp1, a transcription factor that is expressed at especially high levels in developing granulocytes (Saffer et al., 1991) . The second major element of importance was a GAS (g-interferon activated sequence) motif located at positions À44 to À53 of the Jak3 promoter. Site-specific mutation of these elements, electrophoretic mobility shift assays, and transcriptional transactivation studies demonstrate a critical role for these Sp1 and Stat-binding sites in mediating Jak3 transcription during granulocytic differentiation induced by G-CSF. This is similar to a mechanism we observed during IL-6-induced macrophage differentiation of M1 myeloid leukemia cells (Mangan et al., 2004) , but differs from a STAT-independent mechanism of activation of JAK3 transcription that occurs in activated human T cells (Aringer et al., 2003) .
Results

Transient transfection of 32Dcl3 cells with 5
0 deletion mutants of the Jak3 promoter In studies using the murine myeloid cell line 32Dcl3, which undergoes granulocytic differentiation in response to G-CSF (Rovera et al., 1987; Valtieri et al., 1987; Patel et al., 1993) , we had previously reported that Jak3 mRNA and protein accumulate in the presence of GCSF. Our nuclear run-on assays further suggested that Jak3 is a primary response gene for GCSF . To gain an insight into the molecular mechanisms associated with Jak3 transcription in response to G-CSF, we created several 5 0 deletion mutants of the Jak3 promoter and subcloned these deletion mutants, the longest of which contained 3.8 kb upstream of the transcriptional start site, into the pGL3-Basic luciferase reporter vector. These constructs have been described previously (Mangan et al., 2004) . The deletion mutants that were used in the luciferase reporter assays are depicted in Figure 1 . The Jak3 promoter À3805 construct and the 5 0 deletion constructs were then transiently transfected into unstimulated 32Dcl3 cells or 32Dcl3 cells stimulated with G-CSF. Following a 20-h incubation period, the cells were lysed and luciferase activity was measured. Figure 1 shows that in 32Dcl3 cells stimulated with G-CSF, 5 0 deletion constructs from positions À100 to À529 generated luciferase activity, which was 50-to 80-fold greater than that seen in cells transfected with empty vector.
Unstimulated 32Dcl3 cells displayed less potent but still appreciable Jak3 promoter activity. In these cells also, 5 0 deletion constructs from positions À100 to À529 generated luciferase activity, which was approximately 10-to 30-fold greater than background. However, in both unstimulated and G-CSF stimulated 32Dcl3 cells, there was a striking decline in promoter activity when sequences between positions À100 and À71 were deleted, suggesting the possible existence of an activating element or elements between these positions. The Jak3 promoter construct lacking the entire sequence upstream of À42 failed to induce any luciferase activity above background. Since the activity of Jak3 promoter (Jak3pr) À71 was minimal but still above background in G-CSF stimulated cells, while Jak3pr À42 failed to induce any luciferase activity, it is likely that elements between À42 and À71 also contributed to the induction of Jak3 transcription in response to G-CSF. Interestingly, we also observed that the two constructs with the greatest amount of sequence upstream of the transcrip- Figure 1 Sequence requirements for the transcriptional activity of the Jak3 promoter in 32Dcl3 cells. The coding region of Jak3 was replaced with the coding region of the firefly luciferase gene by subcloning a 5.7 kB genomic clone and several 5 0 deletion constructs into the pGL3-Basic luciferase reporter vector, and these deletion constructs are depicted here. The constructs have been designated Jak3 promoter À3805, Jak3 promoter À2296, etc to indicate the position of the 5 0 end of the deletion mutant relative to the start site of transcription, as described previously (Mangan et al., 2004) . The pGL3-Basic Jak3pr À3805 construct and several 5 0 deletion constructs were transiently transfected into 32Dcl3 cells that were either left unstimulated or were stimulated with G-CSF. Following a 20-h incubation period, cells were lysed and analysed for luciferase activity. Relative expression refers to the fold increase in luciferase activity over vector alone. Values expressed are the average of three independent experiments plus or minus one standard error of the mean. Black bars depict the results for GCSF-stimulated cells, while gray bars depict the results for unstimulated cells. tional start site (Jak3 pr À2296 and Jak3 pr À3805) exhibited much less promoter activity than the 5 0 deletion constructs between positions À100 and À1504. Promoter activity of the Jak3 promoter À2296 construct is two-fold less than the activity of the À1504 construct, and activity of the À3805 construct is more than two-fold less than activity of the À2296 construct. This suggests the existence of repressor elements between positions À1504 and À2296 and between positions À2296 and À3805 of the Jak3 promoter, a possibility that represents an interesting avenue for further investigation.
Linker scanning (LS) mutagenesis of the Jak3 promoter To further localize the areas of importance, we employed an LS mutagenesis strategy to create additional mutations in the À42 to À100 region of interest.
The strongly activating Jak3 promoter À529 construct was used as a template and consecutive 18-base stretches within the region of interest were replaced with an NdeI/ XhoI/SalI polylinker, as shown in Figure 2a . These constructs were generated using the PCR-based approach described in Zaret et al. (1990) . Unlike deletion mutants, LS mutants maintain the size and topology of the promoter and the spatial relationships between regulatory elements, which minimizes the possibility of artifacts that can be generated by gross deletions (Sjin et al., 1999) . LS mutants were constructed that spanned from immediately upstream to immediately downstream of the À42 to À100 region of interest. Each construct was subcloned into the pGL3-Basic luciferase reporter vector. The Jak3 promoter À529 construct and the 12 LS constructs with mutations spanning at positions þ 2 to À150 were transiently transfected into 32Dcl3 cells, and luciferase reporter assays were performed as Figure 2 Linker-scanning mutagenesis reveals that sequences between positions À43 and À87 are required for activity of the Jak3 promoter in 32Dcl3 cells. (a) All linker scanning mutants shown above use the Jak3 promoter À529 construct as a template. For each linker scanning mutant, an 18-base stretch of wild-type promoter sequence has been replaced by an NdeI/XhoI/SalI polylinker, as shown. (b) Linker scanning mutants of the Jak3 promoter and the wild-type À529 5 0 deletion construct were transiently transfected into unstimulated 32Dcl3 cells or 32Dcl3 cells stimulated with G-CSF. The linker scanning mutants span the region between þ 2 and À150. Each construct is designated 'LS' and the numerals refer to the bases replaced by the NdeI/XhoI/SalI linker. Following a 20-h incubation period, cells were lysed and luciferase activity was determined. Relative expression refers to the fold increase in luciferase activity over vector alone. For 32Dcl3 cells stimulated with G-CSF, the value for the À529 construct was close to 100-fold over empty vector, so this value was normalized to 100 and all other values were expressed as a percentage of the À529 value. For unstimulated 32Dcl3 cells, the value for the À529 construct was close to 17-fold over empty vector, so this value was normalized to 17 and again all other values were expressed as a percentage of the À529 value. Values expressed are the average of three independent experiments plus or minus one standard error of the mean. Black bars represent the values obtained for G-CSF-stimulated cells, while gray bars represent the values obtained for unstimulated cells.
described. The results of these assays for unstimulated 32Dcl3 cells and 32Dcl3 cells stimulated with G-CSF are shown together in Figure 2b . Three LS constructs were associated with particularly sharp declines in luciferase activity in G-CSF stimulated cells. These were the À43 to À60 LS construct, À61 to À78 LS construct and the À70 to À87 LS construct, each of which showed little or no activity in the presence of G-CSF. We next analysed sequences in the À42 to À100 region of interest for putative transcription factor binding sites using the MatInspector (Genomatix, Munich, Germany) and TFSEARCH (Y Akiyama, Real World Computing Partnership, Japan) transcription factor search programs. It is interesting to note that the À43 to À60 LS construct disrupts a GAS element located at position À44 to À53, while the À61 to À78 and À70 to À87 LS constructs disrupt the stretch of consecutive Sp1 binding sites located between positions À67 and À85. The À44 to À53 GAS element is of the sequence TTNCNNNAA, and it is known that all STATs with the exception of STAT2 are capable of binding to this consensus sequence (Horvath et al., 1995; Xu et al., 1996) . In unstimulated 32Dcl3 cells, it also appears that the stretch of consecutive Sp1 binding sites is essential for Jak3 promoter activity. However, the À25 to À42 LS construct appeared to be essential for promoter activity in unstimulated 32Dcl3 cells but was of lesser importance in G-CSF-stimulated 32Dcl3 cells. Additionally, the À43 to À60 construct was capable of generating modest levels of promoter activity in unstimulated 32Dcl3 cells, in sharp contrast to the near total loss of promoter activity observed when this construct was used in luciferase assays performed with G-CSF-stimulated 32Dcl3 cells. This modest level of transcriptional activity could be an artifact generated due to the insertion of the linker, which might fortuitously provide a binding site for a transcription factor present in unstimulated 32D cells. However, since disruption of the À43 to À60 element reduces promoter activity more strongly in G-CSFstimulated cells than in unstimulated cells, it suggests that the À44 to À53 GAS element may constitute a true G-CSF response element. Such an element would be of importance in G-CSF-stimulated cells, but would not be of importance in unstimulated cells. Unlike the À70 to À87, À61 to À78, and À43 to À60 LS constructs, the À79 to À96 and À106 to À123 LS constructs were not associated with a total loss of promoter activity in GCSF-stimulated cells. However, disruption of these elements did result in a markedly greater loss of promoter activity in G-CSF stimulated cells than in unstimulated cells, suggesting that the À79 to À96 and À106 to À123 LS constructs may be G-CSFresponse elements as well. Subsequent gel supershift analysis did not result in the successful identification of a G-CSF inducible factor that binds to the À106 to À123 element. In the case of the À79 to À96 construct, it is possible that some G-CSF-inducibility may be attributed to the disruption of the third of the consecutive Sp1 binding sites between positions À67 and À85.
Transient transfection of G-CSF-stimulated 32Dcl3 cells with site-specific mutants of the Jak3 promoter that specifically disrupt the À67 to À85 Sp1 binding sites and the À44 to À53 GAS element Because the results of the reporter assays performed with the 5 0 deletion and LS mutants pointed to important roles for the À67 to À85 Sp1 binding sites and the À44 to À53 GAS element in activating the transcription of Jak3, we sought to confirm these observations by constructing additional Jak3 promoter mutants in which a few critical bases in the binding sites of interest were changed. We used primers corresponding to the 5 0 extend of the strongly activating Jak3 pr À100 construct as a template to make a construct with site-specific mutations in both the À67 to À85 Sp1 binding sites and the À44 to À53 GAS element together. We also made constructs in which either the Sp1 binding sites or the À44 to À53 GAS element were mutated individually. The mutant constructs are shown in Figure 3 . The À100 Sp1 mutant contains three pairs of C to A mutations, located at positions À70 and À71, À75 and À76, and À80 and À81. The À100 Stat mutant construct contains a two base change that disrupts the À44 to À53 GAS element in which the adenines at À45 and À46 were changed to cytidines. Finally, the À100 Sp1/Stat mutant contains both the mutations present in the À100 Sp1 mutant and the mutations present in the À100 Stat mutant. Each construct was subcloned into the pGL3-Basic luciferase reporter vector and the promoter/reporter constructs were transiently transfected into G-CSF-stimulated 32Dcl3 cells and luciferase reporter assays were performed. The results of these assays are shown in Figure 3 . The À100 Sp1 mutation resulted in a 4.5-fold decline in luciferase activity in G-CSF stimulated 32Dcl3 cells, while the À100 Stat mutation was associated with a two-fold decline in luciferase activity in cells stimulated with G-CSF. The presence of both mutations resulted in a six-fold decline in transactivation activity in G-CSF-stimulated 32Dcl3 cells. Clearly, the presence of both intact Sp1 and Stat binding sites are essential for maximal Jak3 promoter activity. However, even the presence of the double mutant did not reduce promoter activity to the minimal levels observed in the À43 to À60, À61 to À78, and À70 to À87 LS mutants of the À529 construct the wild-type À529 construct, notably, is quite similar in promoter activity to the À100 construct. This raises the possibility that a residual component of Jak3 transcriptional activity may be due to transcription factors other than Sp1 and Stat3, although it is clear that the bulk of Jak3 transcriptional activity is lost upon mutation of both the À67 to À85 Sp1 binding sites and À44 to À53 GAS element.
Activation of the Jak3 promoter by Stat3 in 32Dcl3 cells Given the importance of the À44 to À53 GAS element in the activation of the Jak3 promoter in G-CSF stimulated 32Dcl3 cells, we sought to test whether cotransfection of a constitutively active mutant of Stat3 along with the Jak3 promoter À529 construct could enhance Jak3 promoter activity. This constitutively active mutant of Stat3 (Stat3-C) has been shown to dimerize spontaneously in the absence of tyrosine phosphorylation, bind to DNA, and activate transcription of target molecules (Bromberg et al., 1999) . Stat3 was an attractive candidate to play a role in Jak3 transcription during myeloid differentiation because it is known to be phosphorylated in response to G-CSF (Ihle, 1996; Chakraborty and Tweardy, 1998; Rane and Reddy, 2000) , and previous studies have suggested an essential role for Stat3 in granulocytic differentiation (de Koning et al., 2000; McLemore et al., 2001) . Figure 4a shows the effect of Stat3 on Jak3 promoter activity in G-CSF-stimulated 32Dcl3 cells. On average, cotransfection of either constitutively activated Stat3 (Stat3-C) or wildtype Stat3 (WT Stat3) resulted in a three-fold increase in Jak3 promoter activity in these cells. Since WT Stat3 is known to be phosphorylated by G-CSF (Ihle, 1996; Chakraborty and Tweardy, 1998; Rane and Reddy, 2000) , it is not surprising that WT Stat3 and Stat3-C would each be able to enhance activity of the Jak3 promoter to a similar extent in G-CSF stimulated cells. The three-fold increase in Jak3 promoter activity in 32Dcl3 cells stimulated with G-CSF correlates with the results of the luciferase assays performed with the À100 Stat mutant construct, which showed that site-specific mutation of the À44 to À53 GAS element in the Jak3 promoter decreased luciferase activity by two-fold in G-CSF-stimulated 32Dcl3 cells. Since phosphorylation of Stats is known to take place immediately after binding of cytokines to their receptors (Ihle, 1996; Rane and Reddy, 2000) , unstimulated 32Dcl3 cells present the opportunity to test the effects of exogenous activated Stats on cells which no longer can phosphorylate endogenous Stats. The results of cotransfection of Stat3 on Jak3 promoter activity in unstimulated 32Dcl3 cells are shown in Figure 4b . Jak3 promoter activity is greatly reduced in these cells compared to cells stimulated with G-CSF. Not surprisingly, cotransfection of Stat3-C enhanced Jak3 promoter activity quite strongly in unstimulated 32Dcl3 cells, as a greater than 2.5-fold increase was observed. We also observed a milder increase (B60%) in Jak3 promoter activity with cotransfection of WT Stat3. This increase was probably due to residual activation of Stats immediately following cytokine withdrawal. We could not withdraw cytokines before transfection because prior incubation of cells in the absence of cytokines greatly reduced transfection efficiency. However, the considerably stronger enhancement of Jak3 promoter activity by Stat3-C in cytokinedeprived 32Dcl3 cells reinforces the idea that dimerization of Stats is necessary for DNA binding activity and transcriptional transactivation. It should be emphasized that although there is some overlap between the transcriptional activity of the Jak3 promoter in unstimulated cells cotransfected with wild-type Stat3 as compared with the activity in the presence of Stat3-C, the maximal level of transactivation activity achieved in the presence of Stat3-C was never achievable in the presence of wild-type Stat3.
Transient transfection of G-CSF-stimulated 32Dcl3/ Stat3-C cells with site-specific mutants that disrupt the À67 to À85 Sp1 binding sites and the À44 to À53 GAS element The experiments in which G-CSF-stimulated 32Dcl3 cells were transfected with site-specific mutants that Figure 3 Site-specific mutation of the Sp1 and GAS motifs of the Jak3 promoter markedly reduces promoter activity in 32Dcl3 cells. Primers hybridizing to the most 5 0 extent of the À100 Jak3 promoter construct were used to create the À100 Sp1 mutant, in which three consecutive Sp1 consensus sites were eliminated by making a two-base change in each site. Additionally, the À100 Stat mutant was created by making a two-base change that disrupts the À44 to À53 GAS motif. A À100 Sp1/Stat mutant, in which both the Sp1 binding sites and the GAS motif were mutated, was also created. For each mutant construct, the mutated bases are depicted in boldface and underlined. Each of these constructs was transiently transfected into 32Dcl3 cells stimulated with G-CSF. Following a 20-h incubation period, cells were lysed and analysed for luciferase activity. Relative expression refers to the fold increase in luciferase activity over vector alone. Values expressed are the average of three independent experiments plus or minus one standard error of the mean. Values for the À100 wild-type construct were normalized to 50 and all other values were expressed as a percentage of the À100 value.
Regulation of Jak3 transcription during granulopoiesis JK Mangan et al disrupted either the À67 to À85 Sp1 binding sites or the À44 to À53 GAS element demonstrated that mutation of the Sp1 binding sites was associated with a 4.5-fold decrease in transactivation activity, while mutation of the À44 to À53 GAS element was associated with a twofold decrease in transactivation activity. Mutation of both the Sp1 binding sites and the GAS element together was associated with a six-fold decrease in transactivation activity. It was then discovered that cotransfection of Stat3 or Stat3-C enhanced Jak3 promoter activity, an effect likely mediated through binding of Stat3 to the À44 to À53 GAS element in the Jak3 promoter. In combination, the results we obtained from the experiments involving site-specific mutants of the Jak3 promoter and experiments involving cotransfection of Stat3 along with a Jak3 promoter-reporter construct suggested that Sp1 and Stat3 cooperate to activate transcription of Jak3. However, in the case of synergistic cooperation between Sp1 and Stat3, it would be expected that mutation of the À67 to À85 Sp1 binding sites would prevent Jak3 promoter activity, even in 32Dcl3 cells that overexpressed Stat3-C (32Dcl3/ Stat3-C cells), an experimental condition in which Stat3 would not be a limiting factor for optimal reporter activity. To ascertain if this was the case, we established a 32Dcl3 cell line that stably overexpressed Stat3-C and transiently transfected G-CSF-stimulated 32Dcl3/Stat3-C cells with the either the À100 Jak3 pr construct, the À100 Stat mutant, or the À100 Sp1 mutant. Results of these assays, shown in Figure 5 , demonstrated that mutation of either the À67 to À85 Sp1 binding sites or the À44 to À53 GAS element results in a nearly 10-fold reduction in Jak3 transcriptional activity in 32Dcl3 cells overexpressing Stat3-C. This confirms the idea that both intact Sp1 binding sites at positions À67 to À85 and an intact GAS element at position À44 to À53 are necessary for maximal Jak3 promoter activity. Overexpression of Stat3-C alone cannot induce Jak3 promoter activity if the À67 to À85 Sp1 binding sites are not intact.
EMSA analysis demonstrates that Sp1 and Stat3 can bind to the Jak3 promoter in 32Dcl3 cells stimulated with G-CSF We next investigated whether Sp1 present in nuclear lysates of G-CSF-stimulated 32Dcl3 cells could bind to the À67 to À85 Sp1 binding sites of the Jak3 promoter. We performed EMSA analysis using a 32 P-labeled oligonucleotide probe that corresponded to the Jak3 promoter at positions À39 to À89. In Figure 6a , it can be seen that a complex is readily formed with nuclear extracts (lane 1), which could be successfully competed away with addition of 600 Â cold À39 to À89 probe (lane 3). In addition, we could show the appearance of a supershifted complex following incubation with antiSp1 antibody (lane 2). This result indicates that Sp1 present in G-CSF-stimulated 32Dcl3 cells is capable of binding to the À67 to À85 Sp1 binding sites of the Jak3 promoter. However, careful examination of Figure 6a reveals that the supershift of the Sp1 containing complex was not complete, as higher molecular weight components of the original complex bound to the À39 to À89 probe were not supershifted. It has been demonstrated that Sp3, an Sp-family transcription factor that shares more than 90% sequence similarity with Sp1 in the DNA-binding domain, can form multimeric complexes by binding to multiple adjacent Sp1 sites (Yu et al., 2003) . It is possible that the high molecular weight complexes seen in lane 2 that do not supershift with the addition of Sp1 antibody represent multimers of Sp3. We next undertook similar analysis to determine whether Stat3 could bind to the Jak3 promoter, this time using the À38 to À58 probe that includes the À44 to À53 GAS element. As a positive control we used a radiolabeled oligonucleotide known as m67, which is a 17-base pair sequence described in Bromberg et al. (1999) and known to have high affinity for STAT3. The results of EMSA analysis using nuclear extracts prepared from 32D/Stat3-C cells stimulated with G-CSF are depicted in Figure 6b . 32D/Stat3-C cells were used rather than wild-type 32Dcl3 cells because it has been our experience that Stat3 complexes are unstable in 32Dcl3 cells stimulated with G-CSF and the complexes are more readily observed in G-CSF-stimulated 32Dcl3/ Stat3-C cells. Lanes 1 and 4 show the gel shifts obtained using the Jak3pr À38 to À58 probe and the m67 STAT3 consensus probe, respectively. The prominent complex bound to the Jak3pr À38 to À58 probe comigrates with the prominent complex bound to the m67 probe. Lanes 2 and 5 demonstrate that an anti-Stat3 antibody can supershift both the complex bound to the Jak3pr À38 to À58 probe and the complex bound to the m67 probe. Gel shifts were also performed using a À38 to À58 probe in which the À44 to À53 GAS element was specifically disrupted by the introduction of consecutive A to C mutations at positions À45 and À46. Lane 6 demonstrates that this mutant probe fails to bind protein present in the nuclear lysates of 32D/Stat3-C cells stimulated with G-CSF, reaffirming the essential role of À45A and À46A in Stat3 binding. Because STATs are activated by cytokine/receptor interactions (Kisseleva et al., 2002; Rane and Reddy, 2002) , it is likely that Stat3 acts as an inducible partner of Sp1 in the activation of Jak3 transcription in response to G-CSF.
Discussion
Using the 32Dcl3 cell system, we had earlier demonstrated by nuclear run-on assays that there is a 10-fold increase in Jak3 mRNA transcription following 2 h of G-CSF stimulation . We further demonstrated that ectopic overexpression of Jak3 in 32Dcl3 cells and in normal mouse bone marrow cells leads to acceleration of growth arrest and granulocytic differentiation in response to G-CSF or GM-CSF . Here, we have extended these studies by conducting a detailed analysis of the promoter of Jak3 in order to gain an understanding of the molecular Figure 5 Overexpression of Stat3-C is not sufficient to induce maximal activitation of Jak3 promoter constructs with site-specific mutations in the À67 to À85 Sp1 binding sites or the À44 to À53 GAS element. Either the À100 wild-type Jak3 promoter construct, the À100 Sp1 mutant, or the À100 Stat mutant was again used in luciferase reporter assays, as described in Figure 3 . This time, each construct was transiently transfected into 32Dcl3 cells that stably overexpressed Stat3-C. mechanisms associated with the upregulation of Jak3 transcription in response to G-CSF. By performing luciferase reporter assays using 5 0 deletion, LS, and sitespecific mutants, we have identified two sequence elements that are critical for the activation of the Jak3 promoter, both of which are within 100 base pairs of the transcription start site. These constitute a series of Sp1 binding sites located at positions À67 to À85 and a consensus Stat binding site, or GAS element, located at position À44 to À53. Site-specific mutations in the À67 to À85 Sp1 binding sites reduced Jak3 promoter activity in 32Dcl3 cells stimulated with G-CSF by 4.5-fold. Likewise, a two-base change that disrupted the À44 to À53 GAS element reduced Jak3 promoter activity in G-CSF-stimulated 32Dcl3 cells by two-fold. Simultaneous mutation of both the Sp1 binding sites and the GAS element resulted in a six-fold decrease in Jak3 promoter activity. Because Stat3 is known to be strongly activated by G-CSF and binds to GAS elements to activate transcription, we cotransfected a constitutively active mutant of Stat3 along with a Jak3 promoter/luciferase reporter construct into either unstimulated or G-CSFstimulated 32Dcl3 cells and found that activated Stat3 enhanced Jak3 promoter activity three-fold in G-CSFstimulated cells and 2.5-fold in unstimulated cells. Through EMSA analysis using radiolabeled probes that contained the sequence elements of interest, we were able to demonstrate that Sp1 and Stat3 present in nuclear lysates of 32Dcl3 cells stimulated with G-CSF could bind to elements present in the Jak3 promoter in a sequence-specific manner. EMSA analysis did demonstrate clear evidence of Sp1 binding to the Jak3 promoter in wild-type 32D cells, although the Sp1 supershift in wild-type 32D cells is weaker than the Figure 6 EMSA analysis demonstrates Sp1 and Stat3 present in nuclear lysates of 32Dcl3 cells stimulated with G-CSF can bind to the À67 to À85 Sp1 binding sites or the À44 to À53 GAS element of the Jak3 promoter. (a) EMSA analysis was performed using a radiolabeled probe corresponding to the À39 to À89 sequence of the Jak3 promoter and nuclear lysates from 32Dcl3 cells stimulated with G-CSF. A supershift of the band is seen with the addition of anti-Sp1 antibody (arrow, lane 2). The band was competed away with the addition of 100-fold excess of cold À39 to À89 probe (lane 3) (b) EMSA analysis was performed using a radiolabeled probe corresponding to the À38 to À58 sequence of the Jak3 promoter and nuclear lysates from G-CSF-stimulated 32Dcl3 cells that overexpress constitutively activated Stat3. A band supershift is seen with the addition of anti-Stat3 antibody (arrow, lane 2). The band shift is competed away with excess cold À38 to À58 probe (lane 3). As a positive control, a gel shift was performed using the m67 probe (lane 4), which is known to bind STAT3 with high affinity (Bromberg et al., 1999) . Anti-Stat3 antibody supershifted the complex obtained with the m67 probe (arrow, lane 5). A radiolabeled probe containing À45 and À46 A to C mutations that disrupted the À44 to À53 GAS element failed to bind protein present in the 32D/Stat3-C nuclear lysates (lane 6).
supershift obtained for Stat3 in 32D-Stat3-C cells. The fact that we can observe a clear, albeit not complete, supershift in when anti-Sp1 antibody is incubated with nuclear extracts from wild-type 32D cells together with the À39 to À89 probe demonstrates a clear role for Sp1 in activation of Jak3 transcription. However, there remains the possibility that the high molecular weight complexes that do not supershift represent multimers of Sp3 (Yu et al., 2003) . Our experience has been that Stat3 complexes are unstable in 32Dcl3 cells stimulated with G-CSF and the complexes are more readily observed in G-CSF-stimulated 32Dcl3/Stat3-C cells. It is quite possible that a similar phenomenon is true for Sp1. In that case, it would be expected that the Sp1 supershift would be more robust in 32D Stat3-C cells.
Overexpression of constitutively active Stat3-C was not sufficient to overcome the requirement for both intact À67 to À85 Sp1 binding sites and an intact À44 to À53 GAS element for maximal Jak3 promoter activity. It has been shown previously that there is no change in the ability of Sp1 to bind DNA during the course of G-CSF induced differentiation of 32Dcl3 cells (Nuchprayoon et al., 1999) , so Sp1 may depend on posttranslational modification or binding to inducible partners to preferentially activate transcription of target genes in response to a stimulus such as G-CSF. The promoters of CD11b (Chen et al., 1993) , CD11c (Noti et al., 1996) , CD14 (Zhang et al., 1994) , CD18 (Rosmarin et al., 1998) , as well as c-fes (Heydemann et al., 1996) , myeloperoxidase (Piedrafita et al., 1996) , lactoferrin (Khanna-Gupta et al., 2000) , neutrophil elastase (Nuchprayoon et al., 1999) , myeloid cell nuclear differentiation antigen (Kao et al., 1997) , and human hematopoietic cell kinase (Hauses et al., 1998) all are preferentially activated in myeloid cells through mechanisms involving Sp1. If there is a requirement of an inducible partner for Sp1 to direct myeloid-specific transcription, then Stat3 may play that role. Previous studies have shown that STAT1 and Sp1 synergistically activate transcription of the intercellular adhesion molecule-1 gene in response to interferon-g (Look et al., 1995) . Similarly, STAT5 and Sp1 were shown to regulate transcription of the cyclin D2 gene in response to IL-2 (Martino et al., 2001) , and STAT3 and Sp1 were shown to activate transcription of the C/EBPd gene in hepatocytes in response to IL-6 (Cantwell et al., 1998) . Stat3 is known to be activated in response to G-CSF and has been shown to play an essential role in G-CSFdependent granulocytic differentiation both in vitro (de Koning et al., 2000) and in vivo (McLemore et al., 2001) . Our evidence suggests that G-CSF-dependent activation of Stat3 results in binding of activated Stat3 to the Jak3 promoter to activate Jak3 transcription in concert with Sp1. Activation of Jak3 is associated with G1 arrest and terminal granulocytic differentiation . Interestingly, overexpression of Jak3 in G-CSF-stimulated 32Dcl3 cells results in a block to activation of Stat3, as no upregulation of phosphorylated Stat3 protein is observed upon G-CSF stimulation of 32D/ Jak3 cells, despite the presence of abundant amounts of unphosphorylated Stat3 . We believe that the key role for Stat3 in G-CSF mediated cell cycle arrest and terminal differentiation of 32Dcl3 cells is to activate transcription of Jak3, which ultimately brings about cell cycle arrest in the absence of activated Stat3. Our model reveals the possibility that activation of STATs by cytokines is not an end point, but rather that activated STATs can then bring about the activation of a second Jak kinase pathway with distinct consequences. We also observed similar regulation of Jak3 transcription during IL-6-induced macrophage differentiation (Mangan et al., 2004) . This suggests that Sp1 and Stat3-induced activation of Jak3 transcription is a common pathway in both granulocytic and monocytic differentiation. However, regulation of JAK3 transcription in activated human T cells is achieved through a STATindependent mechanism (Aringer et al., 2003) . The manner in which Jak3 is regulated may depend on whether Jak3 mediates cell cycle arrest and differentiation, as is the case in myeloid cells , or cell activation and proliferation, as is the case in lymphoid cells (Nelson and Willerford, 1998; Tomita et al., 2001 ).
Materials and methods
Plasmid construction
To obtain a genomic clone of Jak3 containing the upstream promoter/enhancer region, 129J mouse genomic DNA was digested with EcoR1. A library generated using the DASH II phage vector (Stratagene, La Jolla, CA, USA) was screened by plaque hybridization using a 32 P-labeled 523 bp fragment from the 5 0 end of the Jak3 cDNA. A clone that contained 5.7 kB of sequence upstream of the initiator ATG of the Jak3 coding sequence and B4 kB of sequence downstream of the ATG was subcloned into pBR322 and sequenced completely (GenBank Accession Number U71201). The promoter/enhancer sequences upstream of the ATG codon were then cloned into the pGL3-Basic promoterless vector upstream of the luciferase reporter gene (Promega, Madison, WI, USA). This construct has been described previously (Mangan et al., 2004) .
Construction of 5
0 deletion mutants and LS mutants of the Jak3 promoter The 5 0 deletion constructs were created through restriction enzyme digestion with AflII, SbfI, or BstZ17I or via a PCRbased approach. The LS mutants of the Jak3 promoter were created using a PCR-based technique in which consecutive 18 base pair stretches of wild-type Jak3 promoter sequence were replaced with an NdeI-XhoI-SalI polylinker (CATATGCTC GAGGTCGAC). This technique has been described previously (Zaret et al., 1990) .
Construction of site-specific mutants of the Jak3 promoter The site-specific mutants that disrupted the Sp1 and Stat binding sites (À100 Sp1 mut and À100 Stat mut) were created by a PCR-based approach. Using Jak3pr À3805 as a template, a 5 0 primer containing mutations in either the Sp1 binding site, the Stat binding site, or both was hybridized to position À100 of the Jak3 promoter. The 3 0 primer in the PCR reaction corresponded to the 5 0 UTR of Jak3 just upstream of the ATG. The resultant PCR product was blunt-end ligated into the SmaI site of pGL3-Basic. The primers used to make the mutations in either the Sp1 or Stat binding sites are as follows: À100 Sp1 mut 5 0 -GTC TCC CCC GGG CTT CCC GAA CCG AAC CGA ACC CAG GGC GCC CTG ACT-3 0 , À100 Stat mut 5 0 -GTC TCC CCC GGG CTT CCC GCC CCG CCC CGC CCC CAG GGC GCC CTG ACT TTC CGT CCA TGA CGG CGG-3 0 , and À100 Sp1/Stat mut 5 0 GTC TCC CCC GGG CTT CCC GAA CCG AAC CGA ACC CAG GGC GCC CTG ACT TTC CGT CCA TGA CGG CGG-3 0 . In the case of the À100 Sp1/Stat mutant, the À100 Sp1 mutant was used as the template for the PCR reaction. Mutations are in boldface. All mutations were verified by sequencing.
Tissue culture, transient transfections, and luciferase assays The murine IL-3-dependent 32Dcl3 cells were maintained in Iscove's modified Dulbecco's medium (IMDM) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 10% WEHI3B conditioned medium as a source of IL-3, and were incubated in a humidified atmosphere with 5% CO 2 . Transient transfection of 32Dcl3 cells was achieved by electroporation, as described previously (Khanna-Gupta et al., 2000) . Following electroporation, cells were left unstimulated or stimulated with 100 ng/ml of recombinant murine G-CSF (Stem Cell Technologies, Vancouver, BC, Canada). A measure of 20 mg of reporter or effector DNA was used in each transfection. 2 mg of the Renilla luciferase plasmid pRL-CH110 was used as control for transfection efficiency, and this plasmid has been described previously (Kumar and Reddy, 2001 ). The Dual Luciferase Reporter Assay Kit (Promega, Madison, WI, USA) was used to determine firefly and Renilla luciferase activity. Firefly luciferase expression levels were normalized to the levels of Renilla expression for each transfection. For cotransfection studies, pRC CMV WT Stat3 and pRC CMV Stat3-C were used. Stat3-C is a constitutively active mutant of Stat3 and the activating mutations that were introduced have been described previously (Bromberg et al., 1999) . For establishment of stable 32D cells lines overexpressing Stat3-C, Stat3-C was inserted into the pMX retroviral vector. Retroviruses were produced in the Bosc23 packaging cell line, and 32Dcl3 cells were subsequently infected with these retroviruses using the method described by us earlier . At 24 h after infection, cells were selected in G418 for 2 weeks and analysed to confirm expression of Stat3-C. 32Dcl3/Stat3-C cells were maintained in tissue culture in the same manner as wild-type 32Dcl3 cells, and transient transfection of 32Dcl3/Stat3-C cells was carried in the same manner as described above for wildtype 32Dcl3 cells.
Electrophoretic mobility shift assays (EMSAs)
Following overnight stimulation in 100 ng/ml of recombinant G-CSF, nuclear extracts were obtained from 107 32Dcl3 or 32Dcl3/Stat3-C cells as described previously (Garriga et al., 1998) . Electrophoretic mobility shift assays were performed as described previously (Garriga et al., 1998) . The probes used in the EMSA analysis corresponded to positions À38 to À58 and À39 to À89 of the Jak3 promoter. The À38 to À58 probe was of the following sequence and its complement: 5 0 -CCG TCA TTT ACG GAA AGT CAG-3 0 . The À39 to À89 probe was of the following sequence and its complement: 5 0 -CGT CAT TTA CGG AAA GTC AGG GCG CCC TGG GGG CGG GGC GGG GCG GGA AGC-3 0 . The anti-Sp1 (PEP2) and antiStat3 (H-190) antibodies were obtained from Santa Cruz Biotech (Santa Cruz, CA, USA).
